Abstract: Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) stumps, both healthy and infected by Phellinus weirii (Murr.) Gilbertson, were fumigated with chloropicrin at a clearcut site on Washington's Olympic Peninsula. Vegetation cover on plots adjacent to treated and untreated stumps was evaluated to determine fumigant effects on vascular plants and moss. Ninety-eight vascular plant species were recorded during the course of the study. Only those species with 40% or greater frequency (14) and mosses were included in the analysis of individual species cover. We found that Trientalis latifolia Hook. may be sensitive and act as an early indicator of chloropicrin effects in the clearcut habitat of this study. Three years following application to stumps, chloropicrin had little or no effect on other surrounding vegetation. The general lack of interaction effects between distance of plot to stump and fumigation treatment leads to the conclusion that the chloropicrin largely stayed in the stumps during the first 3 years following treatment. Effects attributed to harvest methods, study layout, and pretreatment conditions were detected. Species richness decreased with distance from the former stand edge. Higher mean species richness in the control plots was significantly correlated with distance to former stand edge. The results also demonstrate the potential magnitude and legacy of edge effects in forest stands and the need to account for those effects in study design.
Introduction
Laminated root rot Laminated root rot, caused by Phellinus weirii (Murr.) Gilbertson, is widespread throughout the range of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco). The disease reduces growth in wood volume annually by about 4.4 × 10 6 m 3 in the northwestern United States and British Columbia (Nelson et al. 1981) and may affect 8% of commercial forest land in the central portion of the species' range (Thies and Sturrock 1995) .
When Douglas-fir dies from laminated root rot, the pathogen continues to live saprophytically in butts and large roots for as long as 50 years (Childs 1963; Hansen 1976 Hansen , 1979 . Infection in a young stand begins when roots of young trees contact residual stumps and roots from the preceding stand. The infection spreads between living trees through root contacts (Wallis and Reynolds 1965) . Immediate establishment of Douglas-fir or other highly susceptible species on a site occupied by laminated root rot often results in more disease and heavier losses in the new stand (Wallis and Reynolds 1965) .
Fumigation is one means of reducing inoculum of some root-rotting fungi (Thies 1984) . Treatment of stumps with chloropicrin 3 has been shown to dramatically reduce the amount of laminated root rot inoculum on a forest site (Thies and Nelson 1987) , and chloropicrin has been labeled by the U.S. Environmental Protection Agency for this use. Potentially widespread general use of this chemical necessitates the gathering of information on nontarget organisms. Few such studies exist, and direct assessment of the movement of chloropicrin in ecosystems has not been ascertained.
Ecological impacts of chloropicrin
Chloropicrin (trichloronitromethane) is a general biocide that has been used as a soil fumigant and studied for its effectiveness in reducing specific organisms. Reports of fumigant application to soil, as well as directly to wood, to destroy particular fungi have been reviewed (Filip 1976; Filip and Roth 1977; Thies and Nelson 1982) . The presence of columns of stained or advanced decayed wood, forming "ducts" from the stump top to infected portions of the root system, suggested fumigation as a means of eradicating laminated root rot from stumps (Thies and Nelson 1982) .
Most research has concentrated on the effects of combinations of methyl bromide and chloropicrin fumigants on diseasecausing organisms. Combinations of methyl bromide and chloropicrin control a variety of soilborne diseases in forest tree nurseries (Peterson and Smith 1975) and reduce populations of various other fungi (Mughogho 1968; Sakuwa et al. 1984 ; Trappe et al. 1984; Sumner et al. 1985; Himelrick 1986; McGraw and Hendrix 1986; Jones and Hendrix 1987; Nelson et al. 1995) . Chloropicrin (alone, or in combination with other biocides) also has documented effects on bacteria, fungi, nematodes, and amoebae (Rhoades 1983; Ingham and Thies 1996) .
Examination of the literature does not provide a broad basis for predicting the effects of chloropicrin applied to stumps on adjacent nontarget plants. However, Luoma and Thies (1994) found that total plant cover and individual species cover for Berberis nervosa Pursh and the moss Stokesiella oregana (Sull.) Robins were significantly reduced in the chloropicrin treatment plots 10 growing seasons after Douglas-fir trees were fumigated with chloropicrin.
The maximum distance chloropicrin diffuses in a root system or the rate at which it leaves the root system is not known. Two growing seasons after treatment, the odor of chloropicrin was commonly detected when roots were cut 1 m or less from the treated stump and occasionally detected when roots were cut as far as 2.4 m from the stump (Thies and Nelson 1987) . Morrell et al. (1994) assessed chloropicrin concentrations and distributions 10 years after the fumigant was placed in the base of live Douglas-fir at the same study site used by Luoma and Thies (1994) . Chloropicrin was detected by odor at the time the trees were cut and by chemical analysis of the wood. Castellano et al. (1993) found that after two growing seasons, Douglas-fir seedlings inoculated with Rhizopogon sp. perform equally well whether planted near chloropicrin-fumigated stumps or nonfumigated control stumps. Increasing moisture levels (20% of field capacity and above) and decreasing temperature reduce volatilization rates of chloropicrin (Tanagawa et al. 1985) . Thus, we anticipate that dissipation of chloropicrin from a treated stump and surrounding soil on a site in the Pacific Northwest occurs over several years.
In this paper, we discuss changes in species abundance of vascular plants and moss that occurred 3 years after the application of chloropicrin to stumps for laminated root rot control. We also present serendipitous findings of a species richness gradient from the former edge of the forest stand toward the interior. Our evaluation of the impacts on plants is being paralleled by observations on the same plots by others for ectomycorrhizae (Castellano et al. 1993) , soil microarthropods Thies 1996a, 1996b) , and soil foodweb organisms (Ingham and Thies 1996) . Concurrent efforts monitored similarly fumigated living Douglas-fir trees at a site in the north Oregon Coast Range (Luoma and Thies 1994; Thies and Nelson 1996) . The combined data will provide a clearer picture than we currently have of the impact of chloropicrin in Pacific Northwest temperate forest ecosystems.
Methods

Study area
The study area is an 8-ha clearcut with very low relief (≤2% slope) on the Olympic Peninsula near Matlock, Wash. (47°15′N, 123°25′W) ; mean elevation is 55 m, mean annual precipitation is 125 cm, and soil in the study area is a Hoodsport gravelly sandy loam (Haplorthod). The Hoodsport soil series formed in glacial deposits of 50-75 cm of loose ablation till overlaying very compact lodgment till. The site is class III (McArdle et al. 1961 ) and supported a 65-year-old naturally regenerated second-growth stand that was predominantly Douglas-fir (99% by harvest volume). Western hemlock (Tsuga heterophylla (Raf.) Sarg.) constituted the remainder of the overstory. Understory shrubs were primarily salal (Gaultheria shallon Pursh) with some sword fern (Polystichum munitum (Kaulf.) Presl) and a lesser component of twin flower (Linnaea borealis L.). Before clear-cutting, the site was part of a contiguous forest stand bordered by an access road and a recent clearcut to the west (Fig. 1) .
Disease control study
A disease control study was established to determine the degree of reduction in laminated root rot reappearance in a replacement stand when stumps were treated with chloropicrin. Stumps were fumigated during October 1988, and the area was planted during February 1989. Plots were observed yearly to record seedling growth and mortality. Those results will be reported separately. The current study took advantage of plots and treated stumps established for the disease control study by monitoring treated areas and quantifying changes in plant species richness and cover.
The study area was subdivided, systematically searched, and the location of each P. weirii colonized stump mapped following the methods of Thies and Hoopes (1979) . Using a map depicting stump locations, circular, 0.04-ha, nonoverlapping macroplots were established in locations that included concentrations of colonized stumps (Fig. 1) . Within each macroplot, stumps received the same fumigant treatment.
Treatments
Treatments included two levels of chloropicrin fumigation and an untreated control. Macroplots were randomly assigned to each category. Eight macroplots of each treatment category were sampled in this study. Fumigation involved application of chloropicrin at either 100 or 20% of the labeled dosage to all stumps in a treated macroplot. The number of stumps in macroplots ranged from 12 to 44. The dosage was about 3.3 mL chloropicrin/kg stump and root biomass (Thies and Nelson 1987) .
Application of fumigant
Fumigant application holes, 3.2 cm in diameter, were drilled vertically into each stump top either at fungus-stained areas when present or in unstained wood. Stumps with a diameter of ≤32.5 cm had a minimum of four holes drilled, one in each quadrant of the stump top; larger stumps had at least eight application holes drilled with at least two in each quadrant of the stump top. To avoid drilling through the stump, holes extended only slightly below the soil line. The total dose of chloropicrin was divided equally among all holes in a stump. After fumigant application, each hole was plugged tightly with a hemlock dowel that was sealed to resist passage of the fumigant. Thies and Nelson (1987) provide additional details of calculation of treated biomass, determination of dosage, and fumigant application.
Vegetation sampling
The study was designed to be analyzed as a two-factor ANOVA based on fumigation treatment and placement of sample plots relative to stumps. Spring and fall samples were included to measure vegetational changes during the growing season. Beginning with the spring following logging and fumigation (1989), vegetation was sampled twice yearly (June and September) for 3 years. Each macroplot was thoroughly searched during each sample period to determine vascular plant species richness. For mapping purposes ( Fig. 1) , a species richness index was developed to classify macroplots by mean number of vascular plant species present in a macroplot over the six sample periods. The species richness index was determined for each macroplot as follows: 1 = 22-31 species present, 2 = 32-36, 3 = 37-40, 4 = 41-44, 5 = 45-48.
Within each macroplot, stump-centered mini-and microplots were monitored for changes in vegetation. Percent cover of each vascular plant species and total moss cover (primarily S. oregana, with minor amounts of other species included) were assessed by two methods ( Fig. 2) : (1) eighteen 1 × 2 m miniplots placed in groups of three by distance from stump class (miniplots were arranged radially outward from six stumps on the periphery of the treatment macroplot and located at distances of 0-1 (distance class A), 1-2 (class B), and 2-3 m (class C) from the stump) and (2) six 1-m 2 microplots located between adjacent stumps.
The study sampled a total of 144 miniplots (48 in each distance class) and 48 microplots. The miniplots were placed to have the potential for detecting gradient effects away from stumps without being affected by other fumigated stumps in the same macroplot. The miniplots closest to stumps were designated class A, those farthest class C, with class B in-between (Fig. 2) . The microplots were placed adjacent to two or more stumps so as to maximize the potential for exposure to the fumigant source. In cases where stumps were on opposite sides of a microplot, 0.5 m was the approximate maximum distance that plants in microplots were from the fumigant source. In contrast, the closest miniplot to a stump (class A) had <25% of its area within 0.5 m of a stump. Corners of the plots were marked with Fiberglas stakes, and PVC pipe plot frames were used to ensure measurement of the same locations from year to year.
Data analysis
In addition to canopy removal, the logging operation induced site variation through slash deposition, vegetation crushing, and soil compaction. Because of the several sources of impacts to the postharvest vegetation, sampling was designed to test fumigant effects on summer growth in addition to absolute differences in species abundance among treatments.
Comparisons among treatments for individual dominant or highly constant species and total vegetative cover were made by use of twoway ANOVA. Grouping factors were fumigant treatment (three levels) and distance relative to stump (four levels). The general null hypotheses tested was that species cover and changes in species cover do not differ among all treatment and distance classes. To reduce the likelihood of spurious significant results, the number of individual species comparisons (15) was limited to those species with constancy values (percentage of plots with the species present) ≥40%. Data values were transformed to more closely meet the assumptions of normal distribution and constant variance. A logit transformation was used on within-season individual species cover values (Sabin and Stafford 1990) . Total cover received a square root transformation. Seasonal growth values were transformed using arcsine, hyperbolic arcsine, or arctangent formulas. Transformation of species richness values was not necessary to meet the assumptions of normal distribution and constant variance. Main effects were assessed only after the absence of interactions was demonstrated. Fisher's protected least significant difference (LSD) was used as a multiple comparison procedure (p ≤ 0.05) only when the overall ANOVA p-value was ≤0.1.
Results and discussion
The two most frequently encountered vascular plant species in this study ( Luoma and Thiesestimated a 60% mean G. shallon cover for the study site prior to harvest. At the beginning of the first growing season postharvest, mean G. shallon cover was reduced to 4% in the macroplots. Observations of dead leaves and stems showed that the logging operation produced an initial decrease in cover of R. ursinus, but the range of decrease could not be quantified because of the lack of precut data. Postharvest, mean R. ursinus cover was 1% in the macroplots. At the end of the first growing season (1989), microplots showed a significantly (p ≤ 0.001) greater increase in the cover of these two species than the miniplots, regardless of treatment. This growth response can be attributed to the physically protected nature of the microplots relative to the impacts of the logging operation. The location of the 1 × 1 m microplots in contact with stumps and their smaller size made them less susceptible to being disturbed by the logging equipment than the miniplots that were intentionally placed to avoid proximity to other stumps (Fig. 2) . Most of the area of the miniplots was in the open and subject to scarification and compaction. For the purposes of this paper, data from the third growing season (1991) serve to exemplify the analysis and results from the first two seasons during which the vegetation exhibited similar responses to those found in the third year. At the beginning of the third growing season, total plant cover was highest in nonfumigated plots, regardless of plot distance from stump (Table 2) . At the end of the third growing season, total plant cover was greater in microplots (those placed between stumps) than in open-site miniplots, regardless of treatment (p = 0.0009). The higher total cover on the microplots is primarily attributable to continuing greater growth of G. shallon and R. ursinus and from a much lower decline in moss cover during the season (p = 0.0001). Generally, statistical interactions between fumigation treatment and plot distance to stump class (potential intensity of exposure) were lacking, thus providing little indication that the surrounding vegetation had been affected by chloropicrin. There was one exception; at the end of the third growing season, Trientalis latifolia Hook. had significantly greater ground cover in the nonfumigated microplots than those microplots Table 4 . Individual species mean cover (%, SE in parentheses, maximum n = 192) in stump-centered plots for spring and fall 1991 by treatment with overall ANOVA p-values. treated with chloropicrin (p < 0.01). Trientalis latifolia did not differ in abundance among treatments in the miniplots (p > 0.33). This may be attributable to so little area of the class A miniplots being in a zone of maximum exposure comparable with that of the microplots.
Trientalis latifolia had markedly higher mean cover in the microplots than in the miniplots (p < 0.003), leading to the conclusion that these microsites afforded protection of the soil that was important for this rhizomatous species. The reduced mean ground cover of this species in fumigated microplots suggests that Trientalis may be sensitive and act as an early indicator of chloropicrin effects in the clearcut habitat of this study. These results build on those of Luoma and Thies (1994) where, using plots that extended out 1 m from the base of live trees, effects were found on the vegetation 10 years after chloropicrin fumigation. In that forest study, which had substantially different light and moisture regimes, the shrub B. nervosa decreased around treated trees while the low vine R. ursinus increased in cover. Trientalis latifolia did not differ in abundance around fumigated and control trees, potentially because of a general suppression of its growth by competition for light. Additionally, the Luoma and Thies (1994) plots covered considerable area >0.5 m from the tree base and thus were more comparable with the class A miniplots in terms of fumigant exposure potential.
Our finding of fumigation effects on T. latifolia only in plots with the greatest potential exposure is similar to the pattern found on the same site 1 year after treatment by Moldenke and Thies (1996b) with soil arthropods. In stump-centered samples (greatest potential exposure), six of eight functional guilds were significantly different in control plots whereas area-wide random samples from the macroplots revealed only one significant shift in abundance. Ingham and Thies' (1996) study of soil foodweb organism responses on the same site 1 year after treatment showed little contrast between stumpcentered and area-wide samples. Using stump-centered points, three fumigant treatment soil samples out of 180 had significant decreases in all organism numbers as compared with soil samples from around control stumps. Area-wide random samples from macroplots showed decreased soil foodweb organisms in one out of 45 soil cores in chloropicrin-treated areas. They concluded that their data showed little evidence of significant chloropicrin effects in the first year following stump fumigation (Ingham and Thies 1996) .
We found a general trend of greater seasonal growth in the microplots than in miniplots when significant (p ≤ 0.05) growth differences were detected. Festuca occidentalis Hook. had lower initial values on microplots but increased mean cover over the season compared with decreases on miniplots. The exception was T. latifolia, which had maximum cover in spring. Its cover declined more in microplots over the summer, but started from a greater initial value.
Individual species mean cover change varied significantly (p ≤ 0.05) among treatments for six of the 15 examined species (Table 3 ; species are ordered according to overall constancy in Tables 3 and 4) . No consistent pattern emerged, however. Half of these species had less growth in the control plots and half demonstrated more growth or smaller decreases in control plots. Similarly, species' mean percent cover in spring and fall (Table 4) showed no consistent differences with respect to the fumigation treatment.
An important aspect of this study is the size of the LSD in the cover data. The intensity of sampling relative to the variation in the data produced a Fisher's protected LSD that ranged from about 0.5 to 2% ground cover. The sampling intensity of this study resulted in statistically significant differences that are biologically meaningful. The study design was successful in matching sampling effort with the ability to make biological interpretations.
An unexpected result of this study was the detection of a species richness gradient from the former edge of the stand toward the interior (Fig. 1) . This phenomenon was detected at the macroplot level and is distinct from the stump-centered investigation of fumigant effects on plant cover. Species richness tended to be greater when macroplots were closer to the preharvest stand edge (a long-established road with an adjacent clearcut), particularly in the first spring following harvest (Table 5) . Control macroplots had higher mean species richness (Table 6 ) but were closer to the previous stand edge than treated macroplots (Table 7) . Control plots were also closer to root rot induced gaps (Table 7) , which increase edge effects, but those distances did not make a significant (p ≤ 0.05) contribution to a stepwise regression model that already contained distance to former stand edge (Table 5 ). The distance from edge effect on species richness decreased with time (but was still significant in 1991) after the entire area was opened up to propagule dispersal ( Table 7 . Mean distance from macroplot to preharvest stand edge and nearest canopy gap (m, n = 8).
residual edge effect was further evidenced by overall mean species richness, which reached a maximum in the third spring after clear-cutting (Table 8) . Fumigant effects on individual plant species cover and change in cover were not confounded by the closeness of control plots to the previous forest edge because those effects were evaluated using measurements from stump-centered small plots that differed by proximity to the fumigant source.
It is particularly useful to compare richness group 1 (n = 8) with pooled groups 4 and 5 (n = 7) to examine the association of particular species with lower or higher macroplot species richness (Table 1 ). Response to the increased light levels of the edges and the ruderal habit of many species (Ingersoll et al. 1996) seemed to contribute most to higher species richness. Other factors such as propagule dispersal (prevailing westerly winds) and soil conditions would need to be considered in any extensive investigation of this phenomenon.
The species that contributed most to the species richness gradient were Acer macrophyllum Pursh, Achlys triphylla (Sm.) DC., Adenocaulon bicolor Hook., Agrostis tenuis Sibth., Campanula scouleri Hook., Chrysanthemum leucanthemum L., Crepis nicaeensis Balb. ex Pers., Disporum smithii (Hook. 
Conclusions
Assessment of vegetational change during the first 3 years following clear-cut logging is important because of rapidly changing species abundance in early succession (Halpern et al. 1997) . To test for fumigation effects, we augmented simple comparisons of plant cover among treatments with the examination of seasonal growth differences. This approach and the use of interaction tests between treatment and distance to stump main effects allowed us to more clearly interpret the results in light of the dominant impacts of the logging operation. We found that T. latifolia may be sensitive and act as an early indicator of chloropicrin effects in the clearcut habitat of this study. However, the general lack of statistical interaction between distance of plot to stump (chloropicrin exposure potential) and fumigation treatment leads us to conclude that the chloropicrin had little other effect on surrounding vegetation in the first 3 years following application. We hypothesize that the chloropicrin was not released at a great enough rate during the 3 years following treatment to affect most of the surrounding vegetation. Effects that may be attributed to harvest methods, study layout, and pretreatment conditions were detected. Since Luoma and Thies (1994) found that chloropicrin fumigation reduced total plant ground cover 10 years after treatment of live trees, we anticipate that chloropicrin can be expected to have increasingly detectable effects sometime between years 4 and 9 posttreatment. The results also demonstrate the magnitude of edge effects on species richness over a considerable distance (100 m) in forest stands and the legacy of edge effects over time. We emphasize the need to consider those effects in study planning. 
